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Abstract 
The hydration and durability of cementitious materials are largely determined by the 
interaction between solid hydration products and water in the pores. This paper shows that 
drying shrinkage and sorption isotherms during early hydration can be explained by a 
progressive densification of the cement hydrates at sub-micrometre length scales. A simple 
conceptual model is presented to support this statement. The model predicts the evolution of 
self-desiccation during early hydration. The model predictions also align with recent results 
on C-S-H densification from proton nuclear magnetic resonance experiments. Overall, this 
indicates how nanoscale modelling can inform the current macroscopic models of concrete 
hygro-mechanics. This goes beyond the current state of the art, in that self-desiccation and 
sorption isotherms can now be predicted from the mix design, without other empirical inputs. 
 
1. Introduction 
 
Autogenous shrinkage is the volume contraction of a cement paste hydrating in sealed 
conditions. It can be explained as the results of a decrease of internal humidity (h), 
experimentally measured with a humidity sensor placed inside a cavity that is created and 
kept within a hydrating sample. The decrease of h typically starts after ca. 1 day of hydration, 
when the degree of hydration α is 0.4-0.5 [1,2], and is the combined result of: (i) a progressive 
desaturation of the pores, due to the consumption of water during the precipitation of 
hydration products (e.g. calcium-silicate-hydrate C-S-H gel and calcium hydroxide CH), (ii) 
chemical shrinkage, i.e. the negative difference in molar volumes between products (C-S-H, 
CH, etc.) and reactants (dry cement powder and water), and (iii) filling of pore space by 
hydration product. Three main humidity-dependent mechanisms are usually invoked to 
explain autogenous shrinkage [3,4]: (i) capillary pressure due to curved vapour-liquid 
interfaces, (ii) changes in pore-vapour interfacial energy as a function of the thickness of the 
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layer of adsorbed water, and (iii) disjoining pressure due to hindered adsorption of water in 
sub-nanometric pores. The internal pressures generated by each of these mechanisms can be 
expressed as direct (logarithmic) functions of h.  
 
Predicting the autogenous shrinkage of a hydrating cement paste is a current challenge for 
continuum-based models of chemo-mechanics at the macroscale. Their typical approach is the 
following [5]: (i) autogenous shrinkage is computed from poromechanics, considering the 
above-mentioned h-dependent pressures; (ii) h is obtained from the saturation degree, S, using 
a sorption isotherm function S(h) which is an empirical input that depends on the chemical 
composition of the cement paste and on the degree of hydration α; (iii)  the saturation degree 
S is a function of the cement paste composition and of α, whose temporal evolution α(t) is 
usually expressed as a differential equation (in the so-called “affinity” approach) with 
empirical parameters that depend on the composition of the cement paste.  
 
The just-described macroscopic modelling approach has limited predictive ability, because 
S(h) and α(t) rely on empirical parameters to be obtained experimentally. Recent work has 
shown that α(t) can instead be parametrised using state-of-the-art simulations of the chemical 
and microstructural evolution of a cement paste during hydration, e.g. CEMHYD3D [2,6]. In 
principle, the same could be done for S(h), because simulators such as CEMHYD3D also 
predict the temporal evolution of S(t) and of the 3D evolution pore structure, and these two 
are in principle sufficient to compute the corresponding h. However, such a bottom-up 
prediction of S(h) has not been achieved yet. The reason is that a drop of h below 99% 
(autogenous shrinkage typically entails h between 75% and 92%) requires the liquid-vapour 
interface to sit in pores with diameter ≤100 nm. This is at least one order of magnitude below 
the resolution of the above-mentioned microstructural simulators. Therefore, to predict the 
evolution of S(h), simulators such as CEMHYD3D must be complemented with information 
about the chemistry-dependent evolution of the pore structure below the micrometre scale. In 
typical portland cement pastes, this nanoscale porosity is intrinsic to the C-S-H gel phase. 
 
This manuscript presents a simple conceptual model of the co-evolution of hydration degree α 
and C-S-H gel nanopore structure. This is a simplified version of another recently published 
model [7], whose key feature is to allow for the C-S-H to: (i) initially precipitate as a low-
density high-porosity phase, with pores in the 10-100 nm range, and (ii) subsequently get 
denser with a progressive reduction of pore sizes towards 1-10 nm. The results shows that the 
nanopore structure of the C-S-H gel and its densification are essential to predict the onset of 
self-desiccation (decrease of h during hydration) and a realistic evolution of the sorption 
isotherm S(h). This model provides a starting point to complement the current simulators of 
microstructure development, such as CEMHYD3D, and eventually to enable continuum-
based macroscopic models that can predict autogenous shrinkage starting directly from the 
chemical composition and curing conditions of the cement paste. 
 
2. Conceptual model 
 
The aims of the conceptual model presented here are to highlight the importance of 
nanostructure on self-desiccation and sorption isotherms, and to indicate a possible approach 
to include information about nanostructure in chemo-mechanical models of cement hydration. 
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A more detailed development of the same concept has recently been published recently [7]. 
 
The model considers the hydration of pure tricalcium silicate, C3S, to produce C-S-H and CH: 
 
(CaO)3SiO2 + 3.1H2O → (CaO)1.7SiO2(H2O)1.8 + 1.3Ca(OH)2                  (1) 
 
The C-S-H in Eq. (1) refers to the solid part of it only, i.e. it does not consider the amount and 
size of nanopores in the C-S-H gel phase. Considering the molar volumes of the various 
elements in Eq. (1) [8], one can express the evolutions of C3S, C-S-H, CH, and water volumes 
as a function of the degree of hydration α and per unit volume or original paste at α = 0. This 
leads to the plots of volume fractions vs. α in the next section of this manuscript. Furthermore, 
the balance of molar volumes associated to Eq. (1) indicates ca. 8.1% of chemical shrinkage 
[8], i.e. a negative difference in volume between products and reactants. 
 
Most of the models of cement hydration to date assume that the C-S-H gel forms immediately 
with a nanostructure that is similar to the one observed in mature paste. This means an 
average volume fraction of solid C-S-H per unit volume of gel of η ≈ 0.655, i.e. a 34.5% 
volume fraction of nanopores [8]. Water sorption experiments and computer simulations 
estimate the average nanopore width in this dense C-S-H gel to be about 3 nm [9, 10]. 
However, recent results from 1H nuclear magnetic resonance [1] confirmed the already 
widespread idea that the C-S-H gel initially forms as a low-density phase and significantly 
larger nanopores. A simple way to model this is to assume a low initial η0 of the gel, here η0 = 
0.22 [7], and a linear increase of η with hydration time towards the final above-mentioned ηf = 
0.655. During early hydration (first day or two, with α reaching 0.4 to 0.7 depending on the 
cement type and curing conditions) one can reasonably approximate α(t) as proportional to 
t1/2, therefore the linear evolution of η(t) can be replaced by η(α) = η0 + (ηf - η0) α2. Parallel to 
this densification, the model should incorporate some information about the evolution of 
nanopore sizes. A possibility, consistent with nanoparticle models of cement hydrates [10], is 
to assume an initial average nanopore size D0 = 45 nm at α = 0 which decreases linearly with 
η until a final Df = 3 nm. A similar, but more thorough, model of C-S-H densification is 
available in the literature. 
 
At equilibrium, the Kelvin equation relates the internal humidity h to the diameter D of the 
largest saturated pore (for water in cylindrical pores with perfectly hydrophilic surface):  
 
𝐷 = −4
𝛾𝑤𝑀𝑉𝑤
𝑅𝑇 ln ℎ
 (2) 
 
In Eq. (2), γw = 0.073 N/m and MVw = 18.02 x 10-6 m3/mol are the liquid-vapour interfacial 
energy and the molar volume of water. In the next section, Eq. (2) will be used to predict self-
desiccation and to discuss implications of the presented model for sorption isotherms. 
 
3. Results 
 
Fig. 1 shows the evolution of volume fractions of different phases during the hydration of a 
pure C3S paste, as per Eq. (1). The paste has w/c = 0.42, which is the value that, when α = 1 
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and if the gel has ηf = 0.655, leads to the complete consumption of C3S and filling of capillary 
pores by C-S-H gel, while the nanopores inside the gel remain fully saturated with water. This 
is shown in both Fig. 1a and Fig. 1b at α = 1. Both the subfigures also display the same 
amount of solid phases (C3S, CH, solid part of the C-S-H) and of chemical shrinkage (the 
white-coloured complement to volume fraction = 1): this is expected because all these 
quantities are directly controlled by Eq. (1), which is the same for both the subfigures.  
 
Figure 1: Model results for the evolution of volume fractions of various phases in a C3S paste 
during hydration. (a) assumes C-S-H gel with constant volume fraction of pores 0.345 
independent of α. (b) assumes a C-S-H gel that gest denser with α2. 
 
The difference between Fig. 1a and b is in the evolution of the nanoporosity and solid fraction 
η of the C-S-H gel with α. Fig. 1a considers a constant ηf = 0.655, independent of α, which is 
the common assumption in current microstructural simulators of cement hydration, such as 
CEMHYD3D. Under such an assumption, until α = 1, there will always be more water than is 
necessary to fill all the C-S-H gel nanopores. This water will sit in leftover spaces between 
the hydration products and the still anhydrous C3S, and these spaces are typically in the 
micrometre range. In such a scenario, where the larges saturate pore diameter D is in the 
micrometre range, Eq. (2) always predicts internal humidity h > 99%, only except for α = 1. 
This clearly contrasts with the experimental observation of self-desiccation starting already at 
α = 0.4-0.5, as shown in Fig. 2 (the impact of considering w/c = 0.4, as in the experiment, 
instead of 0.42, as in the simulation, is very limited, simply reducing the α triggering the 
humidity drop from 1 to ca. 0.9, which is still far from the experiment). 
 
Figure 2: Model and experimental results of self-desiccation (decrease of h) as a function of 
degree of hydration. The experiment from Muller et al. (cite) refer to a low-alkali cement 
paste with w/c = 0.4. The model results correspond to the two cases in Fig. 1. 
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Fig. 1b considers a progressive densification of the C-S-H gel with η scaling as α2 (see 
rationale in the previous section). This implies that the volume fraction of gel pores increases 
reapidly at low α and soon, already at α = 0.4, all the remaining water in the paste is within 
the gel (nano)pores. Any further reaction causes the gel nanopores to partially desaturate, 
leading to a decrease of h predicted by Eq. (2). This is reflected by the drop of h in Fig. 2 
starting already at α = 0.4, in agreement with the experiment.  
 
Fig. 1b and Fig. 2 display two unphysical features that are due to the strong approximations in 
the presented conceptual model: these limitations have been already overcome in a more 
detailed version of a similar model that has been recently published [7]. The first problematic 
feature is that the sum of solid phases and gel porosity in Fig. 1b, at some point during 
hydration (0.4 < α < 1) is greater than one. This means that the paste, overall, should swell in 
that range of α. This unphysical prediction can be (and has been) overcome considering that 
the precipitation of new C-S-H gel is only possible within capillary pores that contain water 
(some of them instead empty out during hydration) [7]. The second problematic feature is that 
the internal humidity in Fig. 2 shows a sudden drop a α = 0.4 for the case of a densifying gel, 
whereas the experiments show a continuous trend of progressively decreasing h with α 
starting from α = 0.4. The reason for the unphysical discontinuity is that the model considers 
only one single characteristic width for all the pores in the C-S-H gel. In reality, the gel has a 
wider distribution of nanopore sizes. It has been show that the discontinuity in Fig. 2 indeed 
disappears if one takes nanopore size distributions from nanoparticle models of the C-S-H gel, 
and expresses these pore distributions as functions of the gel solid fraction η [7,10]. 
 
4. Conclusion 
 
The simple model presented here has shown that the prediction of self-desiccation in a 
hydrating cement paste relies on two key features that a model must incorporate:  
(i) A progressive densification of the C-S-H gel, which forms initially with a very low 
density. This is critical in order for the gel to fill the pore volume  in the paste and enable 
the desaturation of nanopores already at low degrees of hydration (α = 0.4-0.5, as shown 
by the experiments). Only when the nanopores starts to desaturate, the Kelvin equation 
predicts a drop of internal humidity (self desiccation); 
(ii) A progressive reduction of the average nanopore size as the gel gets progressively denser. 
This is necessary in order to predict the progressive decrease of h with α once the 
nanopores have started to desaturate.  
Incorporating these two features in the current model of microstructure development during 
cement hydration and then, in turn, in the macroscopic models of cement hygro-mechanics, is 
the way forward to obtain genuine predictions of self-desiccation and autogenous shrinkage 
based only on the chemical composition, degree of hydration, and curing conditions of the 
cement paste. This would remove the current reliance of macroscopic models on empirical 
sorption isotherms S(h); indeed, coupling the presented model with a more detailed 
description of the nanopore gel size distribution, has been show to yield realistic predictions 
of the sorption isotherms too [7]. To this end, a detailed description of how the nanostructure 
of the gel evolves, as a function of the chemical composition of the cement and on the curing 
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time and conditions, is needed. This level of detail can be obtained from state-of-the-art 
nanoparticle simulations of cement hydration [11]. This opens to a truly multi-scale predictive 
modelling approach of self-desiccation, sorption isotherm, and autogenous shrinkage, in line 
with the vision of a simulation-guided design of future nano-engineered cements.  
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